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Abstract: This paper analyses the performance of a low cost
INS, based on a gyro-free IMU that only uses multiples
accelerometers and is aided by a GPS receiver. The IMU is
composed by a specific array of accelerometers such that
linear and angular accelerations can be computed. The
GPS/INS loosely integration approach is implemented by a
Kalman filter. The performance of the integrated system is
assessed by using computer simulation.
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1. INTRODUCTION

Inertial navigation systems (INS) are widely used in
many applications including civilian and military aviation,
spatial and nautical segments, automobiles, automated
agricultural and construction vehicles, and robotics. Recent
advances in MEMS (Micro Electro Mechanical System)
technology have made inertial sensors more affordable and
thus costs of micro-machined accelerometer and gyroscopes
are decreasing while their performance characteristics are
being improved [1], [2]. The INS gives the position, velocity
and attitude but with growing time degradations due to
sensor errors and random disturbances. Hence, an update or
position fix can be taken from an external reference such as
data from the GPS receiver. Micro-machined
accelerometers are now in large-volume production, cost a
few dollars and have been showing reliability, and so are
GPS receivers, making a gyro-free GPS/INS attractive for
low-cost, medium performance applications .

2. GYRO-FREE IMU CONFIGURATION

Standard inertial measurement unit, or IMU, uses
accelerometers to sense linear accelerations and gyroscopes
to sense angular velocity. A gyro-free IMU is a specific
array of accelerometers where location and orientation are
chosen in such way that angular and linear motions can be
computed by using decoupled equations.

Since gyroscope’s technology , besides its high cost, also
suffers commercial restrictions, efforts to develop a gyro-
free IMU have been done. Gyro-free IMU have been
described by Pandgaonkar et alli [3], Merhav [4], Trabasso
[5] and Chen et alii [6]. Gyro-free inertial navigation
systems integrated with GPS are also described by Mostov
et alii [7], Park e Tan [8] and Marques Filho [9].

In this paper a cube configuration with six
accelerometers is used [6]. The array has one accelerometer

at the center of each face of the cube and the sensing axes
are along the respective cube diagonal as shown in Figure 1
(adapted from [6]).
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Fig. 1. Cube gyro-free IMU configuration

The equations of angular and linear accelerations are
decoupled and are described with reference to the center of
the cube, defined as the origin of the moving vehicle frame
and are described by [6]:
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where:
2L is the cube height.
Ay, ..., Ag are the accelerometers outputs.

O, are the angular accelerations of a vehicle frame (v)

with relation to an inertial frame (i), and expressed in the
vehicle frame.

fV are the linear accelerations or specific force of the
vehicle frame (v).

J, andJ, are matrices that define the accelerometer’s
location and orientation on cube faces and are described by:

1 -1 0 0 1 -1
J=(-1 0 1 -1 0 -1}j=1,..6 (3)
0 1 -1 -11 0

1 0 0 -1 -1
01 -1 0 1}j=1..,6 4)
11 1 1 0

3. GPS/INS INTEGRATION FILTER DESIGN

3.1 Inertial navigation equations

Strapdown inertial navigation algorithms consist of
attitude, velocity and position equations that can be
described in several references frames. The equations for the
local tangent plane (LTP), or navigation frame, can be
written as [10]:
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where:

r'= {(D’k»h} is the position vector for latitude, longitude
and height components,

vi= {‘i), A, h} is the velocity vector,

f"is the specific force vector, where f" = Cs £

CS is a transformation matrix from wvehicle (v) to
navigation (n) frame,

g" is the gravity vector,

€ denotes an angular velocity matrix

3.2 Inertial navigation error model

The Kalman Filtering technique, used to combine the
inertial navigation solution and the GPS solution, requires
error models of the INS and GPS systems. Perturbation
method is used to linearize the nonlinear error equations [11,

12]. The (n x 1) state vector, x, of the dynamical system is
given by [9]:

x = {5r",8v" "5}, 5b|

(®)
where:

dr" is the position error (3 x 1) vector,

Ov" is the velocity error (3 x 1) vector,

€" is the attitude error (3 x 1) vector,

S(Divv is the angular velocity error (3 x 1) vector and

dbisa lumped bias error (6 x 1) vector used to compensate
for bias and scale factor errors from each IMU
accelerometer output.

The error equations are given by [9,12]:

or" =F_-or" +F_ -ov" ©)

Here, F,; and F,, are the matrices related to position
errors given by [12]:

[ -v
0 0 N
(Ry +h)’ (10)
F - vy -sen®d - Vg
" | (Ry+h)-cos’ @ (Ry +h) -cos®
0 0 0
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0 0
(Ry +h) 1 (11)
F, = 0 0
" (Ry +h)-cos®
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where vg and vy are the vehicle velocity east and north
components, Ry is the transverse radius of curvature and
Ry is the radius of curvature in a meridian at a given
latitude, a is the equatorial radius and e is the eccentricity.

Ry = (12)
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Here, F,, and F,, are the matrices related to velocity
errors given by [9,12]:

-2v,0, -cos®—v} /[(RN+h)~cos2 <I>] 0
F, =|20,(vycos®—vysen®)+ v vy /[(RN +h)cos’ (D] 0
2v,o, -sen® 0 (15)

- VaVp /(RM +h)2 +vi tand)/(RN +h)2
—VgVp /(RN +h)2 —VyVE tanCD/(RN +h)2
vi /(R +h) +v} /(R +h)" - 5g"

vy, /(Ry +h)
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-2v, /(R +h)
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(vp + vy -tan®)/(R +h)
(-2m, -cos®)-2v, /(R +h)

'(16)
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where vp is the down velocity component, ®, is the Earth

rotation relative to inertial frame, 8g" is the gravitation

errors and E" is the skew-symmetric matrix of attitude
errors:

0 —-e, &g
En — 8[) 0 _SN (17)
—-€p &y 0

£ =F,-or" +F, -ov" — (0} xE" -C" -30), (18)

Here, F., and F., are the matrices related to attitude

errors given by [9,12] and ((D?n x) denotes the skew-

symmetric matrix of the (’):1 components:

-, -sen® 0 —vy /(R +h) (19)
F, = 0 0  vy/(R,+h)
-0, -cos®-v, /[(R"+h)cos2 Cl)] 0 VE‘z‘an(I)/(RN+h)2

0 1/(Ry+h) 0
F,=|-1/(R, +h) 0 0 (20)
0 ~tan® /(R +h) 0
S, = ! -J1~6A=L-Jl-(6b+wa) 1)

2J2-L 242-L
SfY = ! J,(3b+wa)+L-Q- -5, (22)
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0A =06b+wa (23)

where OA is the vector of accelerometers errors, Ob is the
lumped bias error to be estimated by the Kalman filter and
compensated on the accelerometers output during INS
computations, and wa is a white noise.

Sb =wb , Wb is also modeled as white noise.

Equations (21) and (22) show that specific force and
angular acceleration errors have the same source, the six
accelerometers output. Finally,

0 o, o
Q=lo, 0 o, (24)
o, o 0

3.3 Kalman Filter Design

The Kalman filter algorithm is used to combine the
inertial and GPS measurements in order to compensate for
the errors included in INS model. Estimates of inertial error
states are fed back to the INS algorithms to improve the
navigation solution. Figure 2 shows a loosely coupled
integrated configuration scheme where the GPS data is used
as an external sensor [13].
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Fig.2. Loosely coupled integration approach

The error state dynamic equation is given by [14]:

X =Fx +Gw (25)

where, x is the system state (n x 1) vector defined in
equation (8), F is the system dynamic (n x n) matrix, w is
the system noise (m x 1) vector and G is the system noise
(n x m) matrix. For these equations the number of states n =
18 and the number of measurements m = 6. The elements of
the error state dynamic equation can be described by [9]:
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The measurement equation is formulated as the
difference of position and velocity computed by INS
algorithm and given by GPS measurements:

z=Hx+v (29)
where,
n n
Iins — Taps
Z, =4 ~----- (30)
n n
Vins — Vars

I(3><3) 0(3><3) 0(3><12)
H=| | 0 (31
33)  T(®3)  T0x12) J(eas)
. 2 2 2 2 2 2
R = d1ag(0® G, O, O, O, O ) (32)

here z is the measurements (m x 1) vector, H is the
observation (m X n) matrix, v is the measurements noise (m
x 1) vector with v = N(0,R), and R is the observation noise
covariance (m x m) matrix and its values are given by
typical GPS signal processing errors.

4. SIMULATION RESULTS

Simulation is accomplished by providing the desired

vehicle angular and linear accelerations on IMU, fnvom and

d)v

ivnom *

as shown by Figure 3 and 4. Note the additional

integration necessary to compute the angular velocity
vector, due to the absence of gyroscopes.
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Fig.3. Gyro-free IMU computation scheme

The gyro-free IMU computation scheme is the inverse
solution of equations (1) and (2):

A, =J"k, (33)

withj =1, ..., 6 and A is the deterministic IMU output, and

2V2-L-a) (34)
kj={ ————m— ~J-A
®y - 0,
2429 —L-J o, -0y
Oy - Oy
1 -1 0 0 1 —1]
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Jo 0 1 -1 -1 1 0 (35)
1 0 0 -1 -1
-1 0 1 -1 0 1
0 1 1 1 1 0]

For simulation purposes some error is added into
equation (33) in order to characterize accelerometers bias
and scale factor errors and noise [9]:

A=A, +8sr,-A; +8br, + war, (36)
where:

A i= is the real j™ accelerometer output

dsr; = denotes the scale factor error

dbr; = denotes the bias error

war; = denotes the accelerometer noise



The IMU output, the measured f"and ®;,, are then
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measurements standard deviations, and X denotes the
propagated state vector.

After a transient period it can be noted that the errors
due to the filter are most of the time confined within *lc,
showing a procedure statistical consistency. Also, the
residues were distributed around zero and confined within
t1c from GPS accuracy.
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Fig.6. Nominal, filtered and GPS height curves

5. CONCLUSIONS

A non-standard strapdown inertial measurement unit
with six accelerometers only and integrated GPS has been
analyzed for low cost applications and low-medium
performance. The cube type gyroscope free IMU was
integrated with GPS data by using the Kalman filter.

An accelerometer lumped error model was presented,
where scale factor and bias errors was concentrated in just
one parameter modeled as white noise. This model reduces
the system state to a 18x1 vector order.

The loosely coupled INS/GPS approach has shown to be
sufficient to keep the filtered navigation solution limited by
one standard deviation from GPS measurements. Also the
simulation results confirm that the integrated navigation
solution has better performance than the individual solutions
from GPS and INS.
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